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CONDUCTIVE LAYER FORMED STRAIN
GAUGE AND METHOD OF MAKING SAME

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of priority from U.S.
Provisional Application No. 62/572,279, filed on Oct. 13,

2017, and entitled FLEXIBLE PULSATION SENSOR,
which 1s incorporated herein by reference in its entirety.

GOVERNMENT SUPPORT

This invention was made with government support under
RX001968-01 awarded by U.S. Dept. of Veterans Aflairs
Rehabilitation Research and Development Service. The
United States Government has certain rights 1n the inven-
tion.

TECHNICAL FIELD

This disclosure relates to a sensor apparatus and a method
of making a sensor.

BACKGROUND

Sensors are used to momtor and measure a variety of
biological conditions, such respiration, blood flow, and the
like. As an example, an existing type of sensor may monitor
a graft by placing the sensor at the graft in contact with the
bloodstream. However, because use of such existing sensors
contact with the bloodstream, such sensors may stimulate
hypercellular processes to accelerate grait failure and/or or
alter the graft mechanical structure. Accordingly, improved
sensor designs are needed.

SUMMARY

In an example, a sensor apparatus includes at least one
substrate layer of an elastically deformable material, the
substrate layer extending longitudinally between spaced
apart ends thereof. A conductive layer 1s attached to and
extends longitudinally between the spaced apart ends of the
at least one substrate layer. The conductive layer includes an
clectrically conductive maternial adapted to form a strain
gauge having an electrical resistance that varies based on
deformation of the conductive layer 1n at least one direction.

As another example, a method of making a sensor device
includes providing a substrate layer of an elastically deform-
able material. The substrate layer extends longitudinally
between spaced apart ends thereof. The method also
includes forming a conductive layer on a surface of the
substrate layer, the conductive layer extending longitudi-
nally between the spaced apart ends of the at least one
substrate layer. The conductive layer includes an electrically
conductive material adapted to form a strain gauge having
an electrical resistance that varies based on deformation of
the conductive layer 1n at least one direction.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts a top view ol an example ol a sensor
apparatus.

FIG. 2 1s a side sectional view taken along line 2-2 1n the
example of FIG. 1.

FIG. 3 depicts an example of a sensor system 1n which a
sensor apparatus 1s mounted to a vascular graph.
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FIG. 4 depicts an example of a sensor apparatus with
clectrical wires coupled to contacts of the apparatus.

FIG. 5 depicts a side view of a sensor apparatus mounted
around a graph.

FIG. 6 depicts an example of part of the sensing circuit
that can be used to measure resistance of the sensor appa-
ratus.

FIG. 7 1s a graph demonstrating resistance of the function
of time demonstrating an example of cyclical deformation of
the sensor apparatus.

FIGS. 8A and 8B are graphs demonstrating a relationship
between a sensor apparatus and arterial pressure over a
range of different flow rates.

FIG. 9 1s a graph depicting a demodulated sensor output,
a modulated sensor output and arterial pressure.

FIG. 10 depicts an example of an additive manufacturing
system configured to make sensor apparatuses.

FIG. 11 depicts an enlarged view demonstrating part of
the system of FIG. 10 showing the plurality of apparatuses
being manufactured.

FIG. 12 1s a flow diagram depicting an example method
of making a sensor apparatus.

DETAILED DESCRIPTION

This disclosure provides a sensor apparatus and a method
for making the sensor apparatus. As an example, the sensor
apparatus can include one or more substrate layers of an
clastically deformable material and a conductive layer dis-
posed over one of the substrate layers as to form a multi-
layer sensor structure. For example, each layer can be
tabricated as one or more webs or sheets that form a
respective layer extending between spaced apart ends
thereof. The conductive layer can be disposed over a given
substrate layer. In an example, the conductive layer 1s
sandwiched between at least two substrate layers. The
conductive layer includes an electrically conductive mate-
rial, such as by integrating the electrically conductive mate-
rial into the elastically deformable material of the substrate
layers. Thus, the conductive layer can exhibit compliance
commensurate with the substrate layers.

The sensor apparatus, including the conductive layer, can
be configured as a strain gauge having electrical resistance
that varies based on deformation of the conductive layer in
one or more directions. In an example, the sensor apparatus
1s constructed to have an anisotropic compliance, such as to
be strain-sensitive along a predetermined direction while
substantially less compliant and strain-insensitive along
another direction that i1s transverse to its strain-sensitive
direction.

For example, each of the layers of the sensor apparatus
can be fabricated using an additive manufacturing process
that deposits materials for each layer as a plurality of
clongated strands extending 1n a longitudinal strand direc-
tion for each respective layer. Additionally, different layers
of the sensor apparatus can include strands extending 1in
different (e.g., transverse) directions. By spacing longitudi-
nal strands apart from each other within a given layer, the
resulting layer has multi-layer structure can be porous and
thereby also exhibit a desired elasticity and compliance in
cach of the strand directions. The direction and spacing of
strands within each layer thus can be configured to provide
the sensor structure desired compliance 1n more than one
direction. In some examples, the strand spacing can be less
than a transverse direction than 1n a longitudinal direction so
that the device stretches 1n a desired strain-sensitive direc-
tion.
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As one example, the sensor apparatus may be mounted
around a tubular structure that exhibits a change 1n a
circumierential dimension (e.g., about 20% to about 100%
change). Accordingly, the sensor structure 1s configured to
have a compliance that 1s commensurate with or greater than
the compliance of the tubular structure to which the sensor
1s attached. For example, the sensor can be attached around
a tubular graft (e.g., a vascular graft) and the resistance of
the conductive layer can be monitored over time to provide
an 1indication of blood flow and/or eflicacy of the grait. In an
example, the conductive layer may be disposed directly onto
the surface of the grait, such as by three-dimensional print-
ing the conductive layer on an outer surface of the graft. The
s1ze and geometry of the sensor apparatus can be adapted
according to a given application and surface where strain 1s
to be measured 1n one or more directions.

Turning to the figures, FIGS. 1 and 2 depict an example
of a sensor apparatus 10 that includes a conductive layer 12
that 1s attached to a substrate 14. The substrate 14 may
include one or more layers of an elastically deformable and
biocompatible material. As an example, each layer of the
substrate 14 may be formed of a compliant polymer, such as
a silicone (e.g., polydimethylsiloxane (PDMS)) or another
similar compound. The conductive layer 12 may be formed
by dispersing electrically conductive materials 1n a viscous
polymer matrix. For example, the conductive materials may
include micron or submicron conductive particles, such as
carbon nanoparticles or graphene tlakes. As one example,
the conductive particles include a matrix of multi-walled
carbon nanotubes IMWCNTs)) dispersed 1n PDMS, which
are applied over a substrate 14 to form the conductive layer
12.

As shown 1n elongated sensor apparatus 10 of FIGS. 1 and
2, the substrate 14 extends between spaced apart ends 16 and
18. The conductive layer 12 likewise includes ends 20 and
22 that extend longitudinally between the ends 16 and 18 of
the substrate 14. The longitudinal direction of the sensor
apparatus 10 1s demonstrated by arrow 24.

In an example, the sensor apparatus 10 can be configured
to exhibit an 1sotropic compliance along a given direction
with respect to a direction transverse to such direction. For
instance, the sensor apparatus can be strain-sensitive along
the direction 24 and exhibit compliance up to about 20% (or
greater) 1n the strain sensitive direction (e.g., direction 24)
such that the apparatus 1s elastically deformable along such
direction, but 1s non-deformable in the transverse direction
extending through side edges 26 and 28.

The conductive layer 12 includes an electrically conduc-
tive material. In an example, the electrically conductively
material that may be integrated into the biocompatible
material that 1s used to form the one or more layers of the
substrate 14. The size and geometry of the strain gauge that
1s formed by the conductive layer 12 can vary according to
application requirements. In a stmple example, the conduc-
tive layer may be formed as one or more conductive strips
extending longitudinally in the direction 24 between its
spaced apart ends 20 and 22.

In another example, the strain gauge can be configured by
a plurality of strips extending longitudinally 1n the direction
24 between the ends 20 and 22, such as an 1n a zig-zag or
serpentine configuration. In one example, the conductive
layer 12 1s configured to include respective end portions
adjacent to each of the ends 20 and 22 that are intercon-
nected by longitudinally extending intermediate portions 30
(e.g., four mtermediate portions shown in the example of
FIG. 1). Different numbers of intermediate portions and
patterns may be used 1n other examples. At one of the ends
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20, the conductive layer includes contacts 32 and 34. The
contacts 32 and 34 can be utilized to electrically connect the
strain gauge to a measurement circuit, such as via wires or
traces (see, e.g., FIG. 3).

FIG. 2 depicts a cross-sectional view of the sensor appa-
ratus 10 taken along the line 2-2 in FIG. 1. As shown 1n FIG.

2, the conductive layer 12 1s sandwiched between a plurality
ol substrate layers demonstrated at 40, 42, 44 and 46. In

order to provide desired isotropic compliance along the
given direction 24, each of the layers 12, 40, 42, 44 and 46
may formed of a plurality of parallel strands that are spaced
apart from each other and arranged to extend 1n a direction
that 1s parallel to or transverse to a strain-sensitive direction.
As mentioned, the sensor apparatus 10 may be configured to
have more than one strain sensitive direction, such as may
include a longitudinal direction (e.g., direction 24) and a
direction that 1s transverse to the longitudinal direction. The
number of strands, the spacing between strands and the
direction of strands in each respective layer 12, 40, 42, 44
and 46 thus will determine the compliance 1n each of the
strand directions.

In the example of FIG. 2, the strands for layers 40 and 44
extend perpendicular to the sheet containing FIG. 2 (e.g.,
extending in a direction between edges 26 and 28 in FIG. 1).
The strands 1n layers 12, 42 and 46 extend longitudinally
with respect to the sheet corresponding to the direction 24 1n
FIG. 1. As mentioned, the space 1in between the strands 38
can be a configurable design parameter that 1s utilized to
define the compliance for each of the layers, which collec-
tively determines the overall compliance and deformability
of the sensing apparatus 10.

As shown FIGS. 1 and 2, the strain gauge formed by the
conductive layer 12 1s encapsulated by the substrate 14. By
way ol further example, the conductive layer 12 1s formed
of strands extending in the longitudinal direction that is
disposed over substrate layer 42 which also includes strands
extending 1n the longitudinal direction. The combination of
conductive layer 12 and substrate layer 42 are in turn
sandwiched between layers formed by strands extending 1n
a direction that 1s transverse to the longitudinal direction.
Another layer 46 1s disposed over the layer 44 and 1s formed
by strands extended in the longitudinal direction. Other
number of strands and different strand directions may be
used 1n other examples.

FIG. 3 depicts an example of a sensor system 350 dem-
onstrating a sensor apparatus 52 (e.g., sensor 10 of FIG. 1 or
2) mounted around a grait 54, which may be biological or
synthetic tissue graft. For example, the graft 1s a hemodi-
alysis access grait or other vascular graft. In this example,
the end 60 of the grait 54 may be anastomosed to tissue 66
to provide for flow of blood through the graft in the direction
68. In other examples, one or more sensor apparatuses, as
disclosed herein, may be applied to other surfaces (e.g.,
biological tissue or synthetic) for sensing deformation of
such surface 1n one or more directions.

In the example of FIG. 3, the graft 54 includes a sidewall
56 that extends cylindrically between ends 58 and 60. In this
example, the sensor apparatus 52 1s mounted around the
sidewall 56 as to circumscribe (partially or wholly) the graft
54. The sensor apparatus 52 may be mounted to the graft 54
such that a radially inner surface (e.g., bottom layer 40) of
the sensor apparatus 52 approximates the outer diameter of
the sidewall 56. As disclosed herein, the sensor apparatus 1s
tabricated to have a compliance that 1s commensurate with
or greater than the compliance of the sidewall 36 of the gratt
54. In this way, deformation of the sidewall 356, such as

-
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occurs 1n the pulsation of blood flow therethrough, results 1n
corresponding deformation of the sensor apparatus 52.

The sensor apparatus 32 can be configured as disclosed
with respect to FIGS. 1 and 2. For example, the sensor
apparatus 52 1s configured as a strain gauge that includes an
clectrically conductive layer 62 mounted between two or
more substrate layers 64. In an example, the conductive
layer 1s formed of a piezoresistive elastomer, such as a
conductive PDMS or other material disclosed herein. The
sensor apparatus 32 thus 1s sufliciently compliant to deform
in a radial or circumierential direction corresponding to
sensor strain (e.g., from about 0% to about 20% strain) 1n
response to pulsatile blood tlow through the graft that causes
graft wall motion. Such deformation causes a change in
clectrical resistance 1n the conductive layer 62 that can be
measured over time.

By way of further example, the circumierence of the
sensor apparatus 32 that engages the grait sidewall 56
corresponds to a length of the apparatus that can be wrapped
around or otherwise mounted to the sidewall (e.g., by
sutures, an adhesive or the attachment mechanism). Since
the sensor apparatus 32 1s fixed externally to the graft 34, the
sensor apparatus can momtor grait motion based on the
clectrical resistance of the conductive layer, which changes
based on deformation. As mentioned, the substrate and
conductive layers may be anisotropically compliant to
enable radial or circumiferential deformation but prevent
deformation 1n the axial dimension (along its width). As a
result, the deformation causes a change in resistance that
correlates to flow rate and/pressure through the graft 56. As
a result, the sensor apparatus 52 can enable detection of graft
dysftunction without adversely aflecting blood flow through
the graft. In other examples, alternatively or additionally,
one or more sensor apparatus 52 can be attached to the
sidewall 56 of other tissue to monitor other tissue function.
A compliant covering 65 of a compliant biocompatible
material further may applied over the sensor apparatus and
a portion of the adjacent sidewall 56.

In this example, electrical conductors (e.g., wires) 74 and
76 are coupled to electrical contacts (terminals) 70 and 72 of
the sensor apparatus 52. The contacts may be provided at
ends of the electrical trace formed by the conductive layer
62. For example, electrical conductors 74 and 76 can be
coupled to the contacts 70 and 72 by flexible connecting
members 78 and 80. As an example, flexible connecting
members 78 and 80 may be 1n the form of a compliant mesh
or other flexible pad material that can be fixed to ends of the
conductive wires 74 and 76 and fixed to the contacts 70 and
72 (e.g., by an adhesive or solder). The conductive wires 74
and 76 can extend from the contacts 70 and 72 through a
biocompatible cover end 84 to connect the sensor apparatus
52 with a corresponding measurement system 90.

By way of example, the measurement system 90 includes
circuitry 92 configured to measure the electrical resistance
between the contacts 70 and 72 over time. As disclosed
herein, the electrical resistance may be measured 1n response
to application of an AC signal (e.g., pulses). As mentioned,
the electrical resistance of the conductive layer 62 varies as
a function of its length, corresponding to circumierential
strain of the graft 54 and sensor apparatus. (e.g., operating
as a strain gauge). The electrical resistance of the sensor
apparatus 52 may be determined to provide measurement
data that 1s stored 1n memory of the measurement system
(not show). In other examples, additional processing of the
determined electrical resistance may be implemented by the
measurement system 90 (e.g., by a processor) to provide
processed measurement data, such as representing graft wall
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motion, pressure and/or tlow through the site where the
sensor apparatus 52 1s mounted.

The measurement system 90 may also include a wireless
interface to communicate measurement data and operating
parameters to a remote location. In an example, the wireless
communication interface 94 1s adapted to transmit measure-
ment data wirelessly from the measurement system 90 to a
remote location. The wireless interface 94 may be 1mple-
mented as an inductive communications link or according
another wireless technology, such as 802.11x Wi-F1, Blu-
ctooth, ZigBee, cellular or the like that can communicate
data to a remote device. The remote device may be smart
phone, server or other wireless receiver.

As a further example, the measurement system 90 or a
remote device may be configured to monitor graft wall
motion based on the measurement data. In response to
detecting a decrease 1n graft wall motion below an estab-
lished threshold based on the measurement data, which can
be calibrated for a given grait implant, an occurrence of a
dysfunction may be determined, such as an occlusion,
stenosis or other physiological condition. The measurement
system or remote device thus may generate an alert in
response to determining the dysfunction. The alert may be
communicated to the patient and/or one or more caregivers.
In this way, additional testing may be performed to deter-
mine if an itervention may be required to avoid grait failure
and extend grait patency.

FIG. 4 depicts an example of another sensor apparatus
100. The sensor apparatus includes an electrically conduc-
tive layer 102 1n the form of a strain gauge that 1s mounted
to, such as being encapsulated within, a substrate 104. As
mentioned, the substrate 104 may include a plurality of
layers of a biocompatible elastically deformable matenal,
such as PDMS. The conductive layer 102 may be a conduc-
tive PDMS matenal. The conductive layer 102 and biocom-
patible substrate 104 may be implemented such as disclosed
herein. In the example of FIG. 4, the conductive layer 102
includes electrical contact portions 106 and 108 at ends of a
conductive trace. The conductive trace includes intermediate
longitudinally extending portions 110 that form a serpentine
or zig-zag pattern between the contact portions 106 and 108.

Additionally, the sensor apparatus 100 includes mesh
support members 112 and 114 to connect corresponding
ends of electrically conductive wires 116 and 118 with the
clectrical contacts 106 and 108, respectively. For example,
the electrically conductive wires (e.g., wires 74, 76) can
extend through vias or other holes formed through the layers
and through the corresponding conductive contacts 106 and
108 and through holes 1n the mesh support members 112 and
114. The mesh support members 112 and 114 may be formed
of stainless steel material, an electrically conductive poly-
mer or other material to facilitate electrically connecting
ends of the wires 116 and 116 to the conductive layer 102.
The ends of the conductive wires 116 and 118 that extend
transversely through the layers of the sensor apparatus 100
can be fixed to the mesh support 112 and 114 by an
clectrically conductive matenal, such as solder, an adhesive,
mechanical fitting (e.g., friction fitting or clamp) or the like.

As an example the sensor apparatus 100 1s a rectangular
cuboid composed of a central CPDMS strain gauge layer
sandwiched between two or more layers of thixotropic
structured PDMS. The example sensor apparatus in the
example of FIG. 4 includes a conductive layer configured as
a strain gauge having 4 longitudinally extending strips (e.g.,
20x1.5 mm and 0.23 mm thick) and enlarged contact pads
32 and 34. Each of the strips 110 were spaced 1.5 mm apart.
The outer 2 layers of structured PDMS each measured about
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0.46 mm thick with rectangular pores (e.g., 80 umx160 um
pores). The pores reduce the rigidity of the structured PDMS o _ s _PeDg | (1)
layers to improve the strain sensitivity. “Te g eg

By way of further example, FIG. 5 depicts a sectional
view of an example flexible sensor 150 (e.g., in the form of >
a cylindrical sensor body) positioned circumierentially
around a cylindrical graft 152. In this example, the circum-
ferential direction 154 provides for expansion and contrac-
tion radially of the combined graft and sensor structure. The
deformation of the cylindrical body of the sensor 150 results
from pressure, demonstrated as P, according to the thick-
ness of the graft 152 and its corresponding compliance. As
disclosed herein, the sensor apparatus 150 1s mounted cir-
cumferentially about the graft 152. The sensor apparatus 150 PsD2 2)
has a compliance that exceeds (1t 1s more compliant than) the AL = T
grait, which itself 1s compliant to enable 1ts radial deforma-
tion 1n response to pulsatile tlow of flmid through the graft.

Thus, radial deformation of the graft 152 1s transferred to Under a pressure P, the sensor strain &g 1s approxi-

and results in corresponding deformation of the sensor o mately:
apparatus 150. The resulting deformation along the circum-
ferential dimension of the sensor apparatus 150 can be
sensed and measured by a measurement system (e.g., mea-
surement system 90 of FIG. 3).

As an example, the measurement circuitry (e.g., circuitry 25
92) of the measurement system may be implemented to
include circuitry 200, such as shown in FIG. 6. In the
example of FIG. 6, the measurement circuitry 200 includes
a voltage source 202, which may be configured to supply an
AC voltage, demonstrated as V (t). The voltage V (1) 1s thus 30
applied to a resistance network, such as the resistive divider
that includes a known resistance R ; and a variable resistance
206. The vaniable resistance 206 that models the resistance
of the conductive layer (e.g., between corresponding elec-
trical contacts thereof) that changes over time 1n response to 35
deformation thereof.

For example, the resistance 206 may include a nominal

. . . . RoDq 4)
resistance R, of the sensor apparatus 150 1n series with a ARs(1) = Pg(t) 5 — - GF.
variable resistance, demonstrated as AR (t). The variable eme
resistance AR (t) represents the time-variant sensor resis- 40

where € 1s the circumierential strain 1n the graft, and D
and t - are the graft 154 diameter and thickness, respec-
tively. Because the sensor apparatus 150 1s more flex-
ible than the graft, it can be reasonably assumed that the

10 grait’s modulus and thickness are mechanically domi-

nant. The change in circumierential length AL can be

calculated through circumierential strain €.=AL/L,):

_ PgDg (3)
- QIG'EGj

which 1s the same as (1) with the assumption E=c.. To
first order, €. 1s therefore proportional to graft pressure
and flow. For a sensor apparatus coupled in a half
bridge with R, (FIG. 6), €. 1s the nominal sensor
resistance and AR (1) represents the time-variant sensor
resistance under periodic pulsatile tlow, such as men-

tioned above. The resistance AR (t) can be derived
using a strain sensor gauge factor (GF) conversion,
such as follows:

tance exhibited by the conductive layer under periodic The change in sensor resistance is linked to graft flow
pulsatile flow. That 1s, 1n response to changes 1n the diameter through the relation nQ(t)=P .(t). If R, is chosen as R =R,
D of the sensor apparatus, which corresponds to expansion the flow-dependent sensor output is given by:

and contraction 1n size along the circumierential strain-
sensitive direction, a resulting sensor voltage V (t) varies 45
over time. For example, the sense voltage V  (t) may be 1 (5)
obtained across the resistor R, as shown 1n FIG. 6. Thus, by Vs()= Vel D

o 5 . ’ 2+ nQa(n)
monitoring the voltage V (t) across the resistor R, over !
time, an 1ndication of the strain that 1s applied to the sensor
apparatus may also be monitored over time. As disclosed 50
herein, the varniable resistance AR (1) exhibited by the con-
ductive layer of the sensor can vary depending upon the
geometry and compliance of the sensor in different direc-

GF

2taEc |

I all time-mnvariant factors (relating to sensor geometry
and material properties) are grouped 1nto a single term Y-,
the sensor output signal 1s approximately:

tions.

As a turther example with reference to FIGS. 5 and 6, the 55 VSOV ety 24 mps Qo) (6)
tollowing mathematically describes transduction mechanics In some examples, to mitigate memristive eflects and to
linking grait pressure and tlow to change 1n resistance of the reduce the effect of 1/T noise, V ~(t) can be an AC carrier, 1.¢.
sensor apparatus 150 via mechanical strain. In this example, a square wave. Equation (6) shows that the FPS output 1n
the model assumes that the sensor apparatus 150 1s the same these conditions 1s an AM-modulated wavetorm with modu-
circumierence as the graft 152 and 1s mechanically linked 60 lation index h=max (v-,.Q-(t))/max (V ~(1)).
such that the sensor and graft distension are equal under An example of resistance sampled over time 1n response
pressurized flow. For example, 1t can be assumed, via the to changes 1n the strain of a sensor apparatus 1s shown in
Poiseuille equation that gratt tflow Q. and pressure P are FIG. 7. In this example, the strain of the sensor apparatus
linearly related by a factor 1, 1.e. NQ=P. may vary between O and 20% over time such as in response

For a cylindrical graft, circumierential stress oy 1s 65 to the pulsation of blood through a grait to which the sensor
approximated by Barlow’s equation and related to the graft apparatus 1s applied such as shown 1n FIG. 3. In the example
Young’s modulus E by: of FIG. 7, the resistance varies over time to provide a
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corresponding measure of the strain which as described
herein correlates to artenial pressure.

As a further example, FIGS. 8 A and 8B demonstrate plots
300, 302, and 304 demonstrating arterial pressure, sensor
output and flow pressure, respectively. As demonstrated in 5
the portion of the plots 300 and 302 by dotted line 306 an
enlarged view of the arterial pressure and sensor output are
shown at 310 and 312 in FIG. 8B. In this way, the sensor
output (e.g., V(1) in FIG. 6), provided in mVrms, 1s shown
to track the arterial pressure. 10

The relationship between arterial pressure and sensor
output 1s further demonstrated 1n FIG. 9. For example, FIG.

9 1ncludes plots of artenial pressure 350, sensor AC output
(unmodulated) 352 and demodulated sensor output 334 over
time. Thus 1t 1s shown that the demodulated sensor output 15
provides a sensor signal that 1s amplitude modulated based
on tlow through the grait. Due to the correlation between
flow and pressure, the sensor apparatus thus can measure
both properties. The measurement system (e.g., system 90)
can include a filter (e.g., a moving root-mean-square (RMS) 20
filter with 10 Hz cutofl) to demodulate the sensor output 352
and provide the demodulated sensor signal 354. Envelope or
synchronous demodulation may also be implemented by the
measurement system.

FIG. 10 depicts an example of a system 400 for fabricat- 25
Ing one or more sensor apparatuses (e.g., sensor 10, 52, 100,
150). In the example of FIG. 10, the system 400 1s an
additive manufacturing system. The additive manufacturing
system can include a 3-D printer 402 configured to form
respective layers of the multi-layer sensor apparatus, such as 30
by extruding strands of material in transverse directions such
as disclosed herein (See e.g., FIG. 2). The printer 402
includes a print head 404 that includes a dispensing tip such
as a syringe (or other nozzle) 406 to apply uncured material
on a stage 408 for each of the layers of the sensor apparatus. 35
The stage 408 may be heated to cure the applied materials.
As one example, the system 400 may be implemented as an
EnvisionTec 3D Bio-plotter system. The system 400 can 3D
print the sensor apparatus from a CAD model of a sensor
apparatus (e.g., stored as data and instructions 1n a non- 40
transitory machine-readable medium) that 1s transferred to
the printer from a computer or other device storing data of
the CAD model.

In an example, the system 400 may move the syringe tip
406 longitudinally and in transverse directions to apply 45
strands of the material 1n different (e.g., orthogonal direc-
tions), such as strands 1n a direction along the length of a
sensing apparatus in a direction transverse to the longitudi-
nal direction. The system 400 can be configured to control
the spacing between individuals strands in each layer to 50
control the compliance of the resulting sensor 1n each strand
direction. By mmposing spacing between strands in the
respective layers, the sensor body can be porous, which can
enhance 1ts compliance. Additionally, by controlling the
spacing as to be different in different strand directions an 55
1Isomorphic strain sensitivity can be provided. For example,
the sensor apparatus can be strain-sensitive 1n a direction
with a spacing that 1s greater than the strand spacing in
transverse direction to such strain-sensitive direction. As one
example, the strand spacing in a transverse axis may be 60
about 15% to about 65% less than the longitudinal strain-
sensitive axis so that the sensor body stretches in the
strain-sensitive direction but not along the transverse direc-
tion.

As disclosed herein, according to one example, the sub- 65
strate layers can be a biocompatible compliant material, such
as PDMS. The conductive layer can be a conductive bio-
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compatible compliant material, such as conductive PDMS.
The system 400 thus can include one or more containers
(e.g., cartridges) 410 to hold the materials for the substrate
layers and conductive layer. In an example, the conductive
layer may be formed by dispersing conductive particles
(e.g., MWCNTs) 1n PDMS to form conductive PDMS. For
example, the conductive layer may be formed of a ratio of
MWCNT/PDMS (e.g., about 1%-12%, such as about
2%-6%).

As a further example, CPDMS 1s produced by gently
orinding MWCNT granules can be ground in a ceramic
mortar and sieving to 0.1 mm to produce the CPDMS.
MWCNTs can be evenly dispersed 1n toluene (e.g., at 10 wt
% and sonicated for 30 min (e.g., using a Qsonica Q3500
probe, 500 W, 20 kHz, approximately 30% duty cycle).
Next, an elastomer base and curing agent (e.g., Sylgard 184
PDMS available from Dow Corning) may be added to the
MWCN'T dispersion. Fumed silica can be added (e.g., at
about 0.45 wt %) to help stabilize the mixture when printing.
The MWCNT-PDMS-toluene mixture may be magnetically
stirred at room temperature to evaporate the toluene. The
mixture may be transferred to a vacuum desiccator and
evaporated to below 3% residual toluene by weight, then
transferred to a syringe barrel (e.g., nozzle 406) for 3D
Bio-plotting by the system 400. As mentioned, other types of
clectrically conductive particles may be used 1n other
examples.

FIG. 11 shows an enlarged view of print area 420 of the
system 400 of FIG. 10. For example, the print arca 420
resides on a planar surface of the heated stage 408 to
facilitate flow of the material and curing thereofl in the
desired configuration. Corresponding printed structures 422
thus are formed on a print arca 420 of the stage 408, such as
shown 1 FIG. 11. Thus 1 FIG. 11 a plurality of printed
sensor structures 420 are shown. In some examples, the
conductive layer can be disposed (e.g., 3D printed) directly
onto a surface of graft to form an integrated sensor-grait
structure. One or more layers of the substrate material (e.g.,
PDMS) may be printed over the conductive layer to encap-
sulate and hold the sensor over the surface of the graft. In
other examples, the sensor apparatus may be mounted to a
surface of a gralt or other surface where strain 1s to be
monitored.

In view of the foregoing, 3D structures can be fabricated
using additive manufacturing, enabling flexible pulsation
sensors for vascular graft flow- and pressure sensing. Since
the sensor apparatus can be fabricated from a 3D printer, its
s1ze, geometry and compliance parameters may be custom-
ized for a given application.

FIG. 12 15 a flow diagram depicts an example of a method
that can be implemented for making one or more sensor
devices (e.g., 10, 52, 100, 150 and 422). In an example, the
method may be performed by the system 400 of FIGS. 10
and 11, although other equipment may be used 1n other
examples.

At 502, the method includes providing a substrate layer
(e.g., 12, 54, 102) of an elastically deformable. For example,
the elastically deformable may also be a biocompatible
material such as PDMS. The substrate layer extends longi-
tudinally between spaced apart ends thereof. The size and
geometry of the substrate layer and the resulting sensor
device can vary according to application requirements. In an
example, the substrate layer may be formed by additive
manufacturing, such as 3D printing.

At 504, a conductive layer 1s formed onto a surface of the
substrate layer, extending longitudinally between the spaced
apart ends of the at least one substrate layer. The conductive
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layer includes an electrically conductive material such that
the conductive layer forms a strain gauge having an elec-
trical resistance that 1s adapted to vary based on deformation
of the conductive layer in at least one direction. For
example, the electrically conductive material includes car-
bon particles mtegrated within PDMS (e.g., 1n a mixture),
such as disclosed herein. The conductive layer may be
tormed by additive manufacturing, such as 3D printing over
the substrate layer. In one example, a grait or other structure
may itsell be the substrate that i1s provided at 502, and the
conductive layer may be applied directly onto the graft or
other structure (e.g., by 3D printing).

In some examples, one or more other substrate layer over
the conductive layer such that the conductive layer 1s
sandwiched between at least two substrate layers. In this
way, the plurality of substrate layers and the conductive
layer are configured to exhibit anisotropic compliance a
given direction and direction transverse to the given direc-
tion. The method further may include mounting the sensor
apparatus to a surface of a target site where strain measure-
ments are to be made. The surface may include a biological
tissue surface, such as a vessel wall, surface of an organ
(e.g., stomach, liver, heart, skin or the like). The resulting
strain measurements can be used for momtoring the surface
where the sensor apparatus (or apparatuses) are attached
and/or for monitoring a condition internal to the surface
(e.g., blood flow, muscle contractions, etc.). In a particular
example, the sensor apparatus may be mounted around a
cylindrical sidewall of an annular graft, such as disclosed
herein, to measure graft function as well as blood flood
characteristics (e.g., flow rate and/or pressure).

What have been described above are examples. It 1s, of
course, not possible to describe every conceivable combi-
nation of structural and functional features or methodolo-
gies, but one of ordinary skill in the art will recognize that
many further combinations and permutations are possible.

Unless defined otherwise, all technical and scientific
terms used herein have the same meaning as 1s commonly
understood by one of skill in the art to which the present
disclosure pertains.

As used herein, the term “and/or”” can 1include any and all
combinations of one or more of the associated listed 1tems.

As used herein, phrases such as “between X and Y and
“between about X and Y™ can be interpreted to include X
and Y.

It will be understood that when an element 1s referred to
as being “‘on,” “attached” to, “connected” to, “coupled”
with, “contacting,” etc., another element, 1t can be directly
on, attached to, connected to, coupled with or contacting the
other element or intervening elements may also be present.

As used herein, the phrase “at least one of X and Y can
be interpreted to include X, Y, or a combination of X and Y.
For example, 11 an element 1s described as having at least one
of X and Y, the element may, at a particular time, include X,
Y, or a combination of X and Y, the selection of which could
vary from time to time. In contrast, the phrase “at least one
of X” can be iterpreted to include one or more Xs.

As used herein, the term “includes” means includes but
not limited to, the term “including” means including but not
limited to. Additionally, where the disclosure or claims
recite ““a,” “‘an,” “a first,” or “another” element, or the
equivalent thereot, 1t should be interpreted to include one or
more than one such element, neither requiring nor excluding,
two or more such elements.

While aspects of this disclosure have been particularly
shown and described with reference to the example aspects
above, 1t will be understood by those of ordinary skill 1n the
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art that various additional aspects may be contemplated. For
example, the specific methods described above for using the
apparatus are merely illustrative; one of ordinary skill 1n the
art could readily determine any number of tools, sequences
of steps, or other means/options for placing the above-
described apparatus, or components thereof, into positions
substantively similar to those shown and described herein.
In an effort to maintain clarity in the Figures, certain ones of
duplicative components shown have not been specifically
numbered, but one of ordinary skill in the art will realize,
based upon the components that were numbered, the ele-
ment numbers which should be associated with the unnum-
bered components; no differentiation between similar com-
ponents 1s mtended or implied solely by the presence or
absence of an element number 1n the Figures. Any of the
described structures and components could be integrally
formed as a single unitary or monolithic piece or made up of
separate sub-components, with either of these formations
involving any suitable stock or bespoke components and/or
any suitable material or combinations of materials; however,
the chosen material(s) should be biocompatible for many
applications. Any of the described structures and compo-
nents could be disposable or reusable as desired for a
particular use environment. A “predetermined” status may
be determined at any time before the structures being
mampulated actually reach that status, the “predetermina-
tion” being made as late as immediately before the structure
achieves the predetermined status (e.g., on the fly during
fabrication).

The term “substantially” 1s used herein to indicate a
quality that 1s largely, but not necessarily wholly, that which
1s specified, allowing some amount of varnation (e.g.,
+/-5%). Though certain components described herein are
shown as having specific geometric shapes, all structures of
this disclosure may have any suitable shapes, sizes, con-
figurations, relative relationships, cross-sectional areas, or
any other physical characteristics as desirable for a particu-
lar application. Any structures or features described with
reference to one example or configuration could be pro-
vided, singly or in combination with other structures or
features, to any other aspect or configuration, as 1t would be
impractical to describe each of the aspects and configura-
tions discussed herein as having all of the options discussed
with respect to all of the other aspects and configurations. A
device or method mcorporating any of these features should
be understood to fall under the scope of this application,
including the appended claims.

Accordingly, the disclosure 1s mtended to embrace all
such alterations, modifications, and wvariations that fall
within the scope of this application, including the appended
claims.

What 1s claimed 1s:

1. A sensor apparatus comprising;

at least one substrate layer of an elastically deformable
maternial, the substrate layer extending longitudinally
between spaced apart ends thereof; and

a conductive layer attached to and extending longitudi-
nally between the spaced apart ends of the at least one
substrate layer, the conductive layer including an elec-
trically conductive material adapted to form a piezore-
sistive strain gauge having an electrical resistance
between respective ends of the conductive layer that
varies based on deformation of the conductive layer in
at least a longitudinal direction thereof.

2. The sensor apparatus of claim 1, wherein the at least

one substrate layer further comprises a plurality of substrate
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layers of the elastically deformable matenal, the conductive
layer being sandwiched between at least two of the plurality
of substrate layers.

3. The sensor apparatus of claim 2, wherein the elastically
deformable material of each of the substrate layers com-
prises polydimethylsiloxane (PDMS), and the electrically
conductive material of the conductive layer comprises elec-
trically conductive particles integrated with PDMS.

4. The sensor apparatus of claim 2, wherein the plurality
of substrate layers and the conductive layer are configured to
exhibit anisotropic compliance to enable deformation along
a given direction and inhibit deformation along a direction

transverse to the given direction.
5. The sensor apparatus of claim 4, wherein each of the

substrate layers and the conductive layer includes a plurality
of substantially-parallel strands of 1ts material arranged to
extend 1n a direction that 1s parallel or transverse to the given
direction, the direction of the strands and spacing between
strands 1n each respective layer defimng the anisotropic
compliance of the apparatus along respective strand direc-
tions.

6. The sensor apparatus of claim 4, wherein the given
direction 1s longitudinal or radial.

7. A sensor apparatus comprising;:

at least one substrate layer of an elastically deformable

material, the substrate layer extending longitudinally
between spaced apart ends thereof; and
a conductive layer attached to and extending longitudi-
nally between the spaced apart ends of the at least one
substrate layer, the conductive layer including an elec-
trically conductive material adapted to form a strain
gauge having an electrical resistance that varies based
on deformation of the conductive layer 1n at least one
direction, wherein the conductive layer further com-
Prises:

at least one conductive strip extending along a path
between the spaced apart ends of the conductive layer;
and

clectrical contacts at ends of the conductive strip.

8. The sensor apparatus of claim 7, further comprising a
measurement system coupled to the electrical contacts and
adapted to provide a measure of the electrical resistance
between the electrical contacts.

9. The sensor apparatus of claim 8, further comprising a
wireless transmitter to communicate sensor data based on
the measure of the electrical resistance between the electri-
cal contacts.

10. The sensor apparatus of claim 7, wherein the path of
the conductive strip comprises a zig-zag pattern extending,
between the spaced apart ends of the conductive layer.

11. The sensor apparatus of claim 1, wherein the layers
circumscribe a central axis to form a cylindrical sensor body
such that the deformation of the conductive layer corre-
sponds to radial expansion or contraction of the cylindrical
sensor body.

12. A graft comprising the sensor apparatus of claim 11,
the grait including an annular sidewall, the sensor apparatus
attached to and extending circumierentially along the annu-
lar sidewall of the graft.

13. The sensor apparatus of claim 1, wherein the at least
one substrate layer includes a contact surface adapted to
attach to a three-dimensional surface and deform commen-
surately with deformation of the three-dimensional surface.
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14. The sensor apparatus of claim 1, wherein the at least
one substrate layer i1s a graft and the conductive layer
disposed on a surface of the gratt.

15. A method of sensing a biological function using a
sensor apparatus, the sensor apparatus comprising;:

at least one substrate layer of an elastically deformable

material, the substrate layer extending longitudinally
between spaced apart ends thereof; and

a conductive layer attached to and extending longitudi-

nally between the spaced apart ends of the at least one
substrate layer, the conductive layer including an elec-
trically conductive material adapted to form a strain
gauge having an electrical resistance that varies based
on deformation of the conductive layer 1n at least one
direction, the method comprising mounting the sensor
apparatus to circumscribe a tubular structure such that
the deformation of the conductive layer corresponds to
radial expansion or contraction of the tubular structure
responsive to the biological Tunction, wherein the tubu-
lar structure 1s a graft or biological tissue.

16. A method of making a sensor device, comprising:

providing a substrate layer of an elastically deformable

material, the substrate layer extending longitudinally
between spaced apart ends thereof; and

forming a conductive layer onto a surface of the substrate

layer, the conductive layer extending longitudinally
between the spaced apart ends of the substrate layer, the
conductive layer including an electrically conductive
material adapted to form a piezoresistive strain gauge
having an electrical resistance between respective ends
of the conductive layer that varies based on deforma-
tion of the conductive layer in at least a longitudinal
direction thereof.

17. The method of claim 16, further comprising forming
at least one other substrate layer over the conductive layer
such that the conductive layer 1s sandwiched between at
least two substrate layers, wherein the substrate layers and
the conductive layer are configured to exhibit anisotropic
compliance to enable deformation along a given direction
and to mhibit deformation along a direction transverse to the
given direction.

18. The method of claim 17, wherein each of the substrate
layers and the conductive layer 1s formed by extruding a
plurality of substantially parallel strands of its material
arranged to extend 1n a direction that 1s parallel or transverse
to the given direction, wherein a direction and spacing
between strands in each respective layer determines the
anisotropic compliance of the apparatus along respective
strand directions.

19. The method of claim 16, wherein the elastically
deformable material of each of the substrate layers com-
prises polydimethylsiloxane (PDMS), and

wherein the electrically conductive material of the con-

ductive layer comprises electrically conductive par-
ticles integrated within PDMS.

20. The method of claim 16, further comprising mounting,
the sensor apparatus to an outer surface of biological tissue.

21. The method of claim 16, further comprising mounting,
the sensor device around a cylindrical sidewall of an annular
vascular gratft.

22. The method of claim 16, wherein the substrate layer
1s a graft, the method including disposing the conductive
layer directly on a surface of the graft.
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